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(54) Article comprising aligned, truncated carbon nanotubes and process for fabricating article 

(57) The emission properties of aligned nanotube 
arrays are improved by truncating the ends of the nano- 
tubes. Truncation provides nanotubes having a height 
within, for example, 30% of the average truncated nan- 
otube height, as well as ends substantially free of end 
caps. The cap-free ends provide desirable field concen- 
tration, and the height uniformity increases the number 
of participating nanotubes. 
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Description 

BACKGROI IMP QF THF IMV/Fmtiom 
Field of the Invent ion 



[0001] This invention pertains to devices compris- 
ing electron field emitters, in particular, field emitters 
containing carbon nanotubes. 



PlSCU SSionofthe Relate Art 



[0002] Electron field emitters are useful for a variety 
of applications including microwave-amplifiers and flat- 
panel, field-emission displays. 

[0003] Microwave vacuum tube devices, such as 
power amplifiers, are essential components of many 
modern microwave systems including telecommunica- 
tions, radar, electronic warfare, and navigation systems. 
While semiconductor microwave amplifiers are availa- 
ble, they generally lack the power capabilities required 
by most microwave systems. Microwave tube amplifiers 
in contrast, provide microwave energy at much higher 
power levels. The higher power levels of tube devices 
are the result of the fact that electrons travel at a much 
higher velocity in a vacuum than in a semiconductor 
Tne higher speed permits use of larger structures with 
the same transit time. Larger structures, in turn, permit 
greater power levels. 

[0004] Microwave tube devices typically operate by 
introducing a beam of electrons into a region where the 
beam interacts with an input signal, and then deriving 
an output signal from the modulated electron beam 
See. e.g., A.W. Scott. Undei-stanriinn Mic*™^ Ch 
12. John Wiley & Sons (1993), the disclosure of which is 
hereby incorporated by reference. Microwave tube 
devices include traveling wave tubes, gridded tubes 
klystrons, cross-field amplifiers and gyrotrons The 
usual source of electrons for microwave tube devices is 
a thermionic emission cathode, typically formed from 
tungsten cathodes, optionally coated with barium oxide 
or mixed with thorium oxide. The cathode is heated to a 
temperature around 1000°C to produce thermionic 
electron emission on the order of amperes per square 
centimeter. 

[0005] The requisite heating of thermionic cathodes 
causes a number of problems. Cathode lifetime is lim- 
ited because key constituents of the cathode, such as 
barium oxide, evaporate under the high operating tem- 
peratures, and when the barium is depleted, the cath- 
ode (and hence the tube) no longer perform. Many 
traveling wave tubes (TWTs), for example, have operat- 
ing lives of less than a year. Also, the need to raise the 
cathode to the operating temperature causes emission 
delays of up to several minutes, which is not acceptable 
for most commercial applications. In addition, the high 
temperature operation generally requires a peripheral 
cooling system, such as a fan, thereby increasing the 
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size of the overall device or system, ft would therefore 
be desirable to develop microwave tube devices that do 
not require such high temperature operation, e.g.. cold 
cathode devices. 

s [0006] Another promising application of field emit- 
ters is thin, matrix-addressable, flat panel displays See 
for example. Semiconductor International December 
1991. p.46; C. A. Spindt et ai.. IEEE Transaction* nn 
Electron Device Vol. 38, 2355 (1991); I. Brodie and C 
10 A- SP'rKtt. Advanrra in R^r?n ; ^ and Flo^ ron v> h ^. 
as, edited by P. W. Hawkes. Vol. 83. pp. 1 (1992); and J 
A. Costellano. Handbook of Display Technology Aca- 
demic Press, 254 (1992); and U.S. Patents' Nos 
4.940.916; 5.129.850; 5.138.237 and 5.283,500. the 
is disclosures of which are hereby incorporated by refer- 
ence. 

[0007] A variety of characteristics are known to be 
advantageous for cathode materials of field emission 
devices. The emission current is advantageously volt- 
20 age controllable, with driver voltages in a range obtain- 
able from "off the shelf integrated circuits. For typical 
device dimensions (e.g. 1 nm gate-to-cathode spacing) 
a cathode that emits at fields of 25 V/nm or less is gen- 
erally desirable for typical CMOS circuitry. The emitting 
zs current density is advantageously in the range of 1 -10 
mA/cm for flat panel display applications and 
>100mA/cm^ for microwave power amplifier applica- 
tions. The emission characteristics are advantageously 
reproducible from one source to another and advanta- 
ge geously stable over a very long period of time (tens of 
thousands of hours). The emission fluctuations (noise) 
are advantageously small enough to avoid limiting 
device performance. The cathode is advantageously 
resistant to unwanted occurrences in the vacuum envi- 
35 ronment, such as ion bombardment, chemical reaction 
with residual gases, temperature extremes, and arcing 
Finally, the cathode manufacturing is advantageously 
inexpensive, e.g. no highly critical processes and adapt- 
able to a wide variety of applications. 
<o [0008] Conventional field emission cathode materi- 
als are typically made of metal (such as Mo) or semi- 
conductor material (such as Si) with sharp tips of 
submicron size. While useful emission characteristics 
have been demonstrated for these materials, the control 
« voltage required for emission is relatively high (around 
100 V) because of their high work functions and rela- 
tively dull (i.e., insufficiently sharp) tips. This high volt- 
age operation increases the damaging instabilities due 
to ion bombardment and surface diffusion on the emitter 
so tips and necessitates high power densities to be sup- 
plied from an external source to produce the required 
emission cunent density. The fabrication of uniform 
sharp tips is difficult, tedious and expensive, especially 
over a large area. In addition, the vulnerability of these 
55 materials to conditions of a typical operating environ- 
ment, e.g., ion bombardment, reaction with chemically 
active species, and temperature extremes, Is of con- 
cern. 
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[0009] Carbon materials (diamond and carbon nan- 
otubes) have recently emerged as potentially useful 
electron field emitters. Diamond offers advantages due 
to the negative or low electron affinity on its hydrogen - 
terminated surfaces, but the technological advances 5 
have been somewhat slow because of emission non- 
uniformity and the tendency for graphrtization in dia- 
mond emitters at increased emission currents , e.g., 
above about SOmA/cm 2 . 

[0010] Carbon nanotubes feature a high aspect 10 
ratio (>1.000) and a small tip radii of curvature (-5-50 
nm). These geometric characteristics, coupled with the 
high mechanical strength and chemical stability of the 
tubules, make carbon nanotubes attractive as electron 
field emitters. See, e.g., German patent No. 4,405,768; 15 
Rinzler et al., Science. Vol. 269, 1550 (1995); Oe Heer 
et al.. Science. Vol. 270. 1179 (1995); Sarto et al., 
Jon.J.Apol.Phvs.. Vol. 37, L346 (1998); Wang et ai., 
Appl.PhYS.Lgtt., Vol. 70, 3308 (1997); Sarto et al., 
Jpn.J.APDl.Phvs.. Vol. 36, L1340 (1997); 'and Wang et 20 
al., Appl.Phvs.Lett.. Vol. 72, 2912 (1998), the disclo- 
sures of which are hereby incorporated by reference. 
Unfortunately, carbon nanotubes are typically available 
in the form of needle-like or spaghetti -like powders 
which are not easily or conveniently incorporated into a 25 
field emitter device structure. However, processes such 
as chemical vapor deposition have recently been used 
to successfully fabricate aligned nanotube ensembles 
on substrates. See, e.g., Ren et al., Science. Vol. 282, 
1105 (1998); Li et al., Science. Vol. 274, 1701 (1996); 30 
and deHeer et al., Science. Vol. 268, 845 (1995). The 
emission properties of such aligned nanotube ensem- 
bles have not been optimized, however, and processes 
for improving the emission properties of such aligned 
nanotube ensembles are therefore desired. 35 

SUMMARY OF THE INVENTION 

[0011] The invention provides for improved emis- 
sion properties in aligned nanotube ensembles. Specif- 40 
ically, the recently-discovered processes for fabricating 
aligned nanotube ensembles provide nanotubes exhib- 
iting some undesirable properties. In particular, the nan- 
otube ends tend to be capped by metal particles or 
relatively large regions of carbon, and the nanotubes 45 
themselves exhibit non-uniform height. (Capped does 
not include nanotubes spherically terminated with a car- 
bon hemisphere having a diameter equal to or less than 
the diameter of the nanotube itself.) The capped ends 
tend to reduce the field concentration compared to so 
open, e.g., broken, ends or carbon-terminated spherical 
ends of small diameter, and the non-uniform height 
causes taller nanotubes to electrically shield shorter 
nanotubes, thereby reducing the number of nanotubes 
participating in emission. (Aligned indicates that the 55 
average deviation from perfect alignment normal to the 
supporting surface, at the point on the surface from 
which the nanotube protrudes, is less than 30°. as 



determined, for example, using high-resolution scan- 
ning electron microscopy.) 

[0012] The invention, however, by truncating the 
ends of such aligned nanotube ensembles, provides 
improved emitter structures. Specifically, truncation pro- 
vides nanotubes having a height uniformity within 30% 
of the average nanotube height (as measured from the 
surface of the supporting substrate), and also provides 
a nanotube ensemble in which at least 10% of the nan- 
otubes are free of end caps, advantageously at least 
50%. The resulting truncated ends provide desirable 
field concentration, and the resulting uniformity in height 
increases the number of participating nanotubes. Trun- 
cation is performed by any suitable technique. In one 
embodiment, a high energy beam is used to truncate 
the nanotubes of an aligned nanotube ensemble (Fig. 
1 ). It is also possible to burn off a top portion of the nan- 
otubes by selective heating in an oxidizing atmosphere 
(Fig. 2). Alternatively, the nanotube ends are brought 
into contact with a molten carbon -dissolving material 
(Fig. 3A) or a solid metal having high carbon solubility 
(Fig. 3B). In another embodiment, the aligned nano- 
tubes are embedded in a solid matrix, which is sec- 
tioned or polished, and then etched to provide 
protruding nanotubes (Fig. 4). 

[001 3] The resulting structure maintains the aligned 
nanotube orientation, but further exhibits nanotubes of 
uniform height, having sharp, cap-free tips useful for 
field emission. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] 

Fig. 1 illustrates one embodiment for truncating 
aligned nanotubes according to the invention. 
Fig. 2 illustrates another embodiment for truncating 
aligned nanotubes according to the invention. 
Figs. 3A and 3B illustrate further embodiments for 
truncating aligned nanotubes according to the 
invention. 

Figs. 4A-4D illustrate an additional embodiment for 
truncating aligned nanotubes according to the 
invention. 

Fig. 5 illustrates a nanotube cathode formed 
according to the invention. 
Fig. 6 illustrates a traveling wave tube structure. 
Fig. 7 illustrates an enlarged view of the electron 
gun structure of the traveling wave tube of Fig. 6. 
Fig. 8 illustrates a multiple grid structure designed 
for extracting, accelerating and focusing an electron 
beam from a nanotube cathode surface according 
to the invention. 

Fig. 9 illustrates preparation of a multilayer, grid 
structure using magnetic mask partide stacks. 
Fig. 10 illustrates preparation of a multilayer grid 
structure using elongated mask particles. 
Fig. 1 1 illustrates a flat panel field emission display 
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according to the invention. 
DETAILFD QESCBlEDQt! O F THF IMup Ki-n^ 
NanotubP Pmi^ gaycjure md Fahri^ no 

[0015] m design and fabrication of efficient, power- 
ful, and reliable field emitters, high emission current 
density is desirable, and is capable of being attained by 
increasing the density of nanotubes on the emitter sur- 
face. Providing a high-density of carbon nanotubes on 
an emitter surface has been relatively difficult in part 
because nanotubes generally resemble an aggregate of 
loosely-tangled needles or spaghetti-shaped wires of 
non-uniform height, and in part due to the problems of 
attaching nanotubes to a conducting substrate The 
recently-discovered techniques for forming aligned nan- 
otube arrays, however, make such high density more 
readily attainable. 

[0016] In addition, electron field emission is 
enhanced when the geometrical feature of the emitter is 
made small, due to the concentration of electrical field 
near sharp tips. Carbon nanotubes' small diameter 
e.g.. as small as 1 .3 nm. provides an effective field con- 
centrating feature. However, the ends of the nanotubes 
provide even smaller radii of curvature for enhanced 
field concentration and electron emission. In fact elec- 
tron emission from nanotube tips is easier than emis- 
sion from the sides, e.g.. tip emission occurs at much 
lower field levels. It is thus advantageous to form a nan- 
otube field emitter structure having an increased 
number of nanotube ends exposed. Moreover, it is even 
more useful to have sharp, uncapped ends oriented 
toward the anode of an emitter device, as provided by 
the invention. 1 
[0017] Another important structural feature of a 
nanotube field emitter is the height of the protruding tips 
from the surface of the substrate. The uniformity of pro- 
trusion is .mportant in order to increase the number of 
nanotube tips participating in emission. Specifically, 
because of the shielding of local electrical field by the 
highest protruding tips, the contribution to the field emis- 
sion would be dominated by these highest tips, with 
nearby, less protruding, tips making a reduced contribu- 
tion. Thus, for field emission applications, the truncated 
nanotubes advantageously have a height within 30% of 

nVtr enC ? diStanCe ' more adv£ >"fegeously within 
1 0 k. The reference distance is the smaller of the aver- 
age height of the truncated nanotubes (from a substrate 
surface) and the average distance between neighboring 
nanotubes. For applications other than emission eg 
energy storage, the truncated nanotubes advanta- 
geously have a height within 30% of the average trun- 
cated nanotube height, more advantageously within 

1 v to. 

[0018] For these reasons, the invention, by trunca- 
tion of aligned nanotube anays. provides a structure 
exhibrtng improved emitter density and emission cur- 



rent density. The fabrication of the emitter structures is 
as follows. 

[0019] An aligned carbon nanotube ensemble is 
fabncated or obtained. The precise mechanism of 
s aligned nanotube growth is not clearly understood but 
methods for attaining the growth are known, as 'dis- 
cussed above. Such fabrication methods include chem- 
ical vapor deposition, electric arc discharge, and laser 
ablation, tt is possible to enhance the aligned growth by 
» an applied or a naturally-present electric field (eg in 
tine growth plasma) during the nanotube synthesis 
Other techniques, such as the use of temperature gradi- 
nanotobes 50 ** pr ° m0tin9 *• ali 9 ned of 

is [0020] The nanotubes are then truncated to provide 
umform height nanotubes having sharp tips. It is possi- 
ble that after truncation, small diameter carbon hemi- 
spheres will form on the truncated ends. As discussed 
above such hemispheres are not considered to be caps 
so if the diameter is no more than the diameter of the nan- 
otube itself. The average nanotube diameter is in the 
range of about 1.3-200 nm depending on whether the 
nanotubes are single-walled, multiwalled or bundled- 
smgle-wall types. (Single wall nanotubes tend to exhibit 
25 a typical diameter on the order of 1 to 5 nm, and are 
often made in the form of a bundle. Multi-wall nanotubes 
contain many concentric graphite cylinders and tend to 
exhibit a typical diameter on the order of 10 to 50 nm 
« ?T *? eCt ia&0 for **** toes is typically 100 to 
so 10,000 ) The average height of the aligned, truncated 
nanotubes from a supporting substrate according to the 
invention is typically in the range of 0.01-1000um pref- 
erably in the range of 0.1 -100 urn. 
[0021] According to one embodiment of the inven- 
35 bon, reflected in Fig. 1 , a high-energy beam 10 is used 
to truncate a ensemble of aligned nanotubes 12. Suita- 
We beams include, but are not limited to, laser beams 
electron beams, and ion beams (e.g.. argon or oxygen 
plasma). Ion beams or plasma beams are advanta- 
ge geous. It is possible to utilize, for example a point 
source beam, a multiplicity of parallel beams, or a pla- 
nar beam, either in a stationary mode or in a scanning 
mode of illumination. Typically, the substrate is rotated 
to improve truncation uniformity. The nanotubes 12 at 
45 the P° int ^ere the beam makes contact, is evaporated 
and the nanotubes are truncated one after another as 
me beam propagates through the aligned nanotubes A 
light vacuum suction or a gentle gas blow is optionally 
utiKzed, especially in the case of a laser beam, to sweep 
so away debris 14. The taller nanotubes tend to absorb the 
incoming beam and evaporate, thereby shielding the 
shorter nanotubes. and the beam inclination is advanta- 
geously set such that this shadowing effect is attained 
Advantageousinclinations will typically be within a fac- 
tor of 3 of (-ax ), measured in radians, wherein dN is 
ttie average distance between neighboring nanotubes 
For samples with a low density of nanotubes. however 
the collimation requirements on the beam and flatness 
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requirements on the substrate make this embodiment 
relatively difficult. 

[0022] The desired level of beam energy substan- 
tially depends on the nature of the beam, the size and 
density of nanotube array samples, and the mode of s 
beam operation. For example, in the case of an argon- 
ion beam, incident at 3°. a typical particle energy is 
about 1 keV, and a typical total dose is about 10* 18 cm* 2 . 
[0023] Figure 2 schematically illustrates another 
embodiment for truncating an aligned carbon nanotube io 
array, using an oxidizing atmosphere and a temperature 
gradient. Essentially all forms of solid carbon burn in the 
presence of an oxygen-containing atmosphere at high 
temperature, thereby forming a gas e.g., CO or C0 2 . 
The burning and opening of carbon nanotube ends has is 
been demonstrated, as shown for example in P.M. 
Ajayan et al., "Opening carbon nanotubes with oxygen 
and implications for filling," Nature . Vol. 362, 522 (1993). 
However, the reactions have been carried out on ran- 
domly-oriented nanotubes with no control of the degree 20 
of opening or the length of the resulting nanotubes. 
[0024] In contrast, according to this embodiment, a 
portion of aligned carbon nanotubes 20 at an ambient or 
low temperature is heated in a controlled and predeter- 
mined manner by contact with a heated body, e.g., a hot 25 
blade 22, using, for example, a sliding, sweeping, or 
rotating motion. The heated body provides a tempera- 
ture gradient - high temperature at the top portion of the 
nanotubes 20, and a lower temperature at the bottom 
portion. Those portions of the nanotubes 20 which 30 
reach a critical temperature, e.g., about 400°C or 
higher, react with oxygen and burn away. The critical 
temperature for nanotube burn depends on the oxygen 
partial pressure in the atmosphere, the time of contact 
between the hot blade and the carbon nanotubes, as 35 
well as the diameter of the each nanotube (or each bun- 
dle of nanotubes). The use of a hot blade 22 of particu- 
lar shape, or other sharp, focused body, reduces the 
extent of burning of already-truncated nanotubes. 
Advantageously, a spacer is used to maintain a certain 40 
sweep height above the supporting substrate 24 (e.g., a 
pair of constant-height rails placed near the edge of the 
nanotube array sample). It is possible to use a single 
sweep or several sweeps of the blade 22. 
[0025] The heated body is generally formed from a 45 
metallic or ceramic material, and is of any suitable 
shape or form. It is heated to a desired temperature by 
any suitable technique. For example it is possible to 
place the body in a furnace to reach the desired temper- 
ature, to heat the body in situ, e.g., a razor blade par- so 
tially located within a torch flame, or to use an 
electrically-heated material, e.g., a highly resistive heat- 
ing-element alloy. It is also possible to use a flame itself, 
providing the flame direction and intensity is well-con- 
trolled. (For purposes of the invention, such a flame is 55 
considered to be a heated body.) The temperature of 
the blade tip which contacts the nanotube is at least 
400°C. advantageously at least 600°C. Depending on 



the desired level of control and desired speed of trunca- 
tion, it is possible to use. for example, a 100% oxygen 
atmosphere or a diluted oxygen atmosphere (e.g., air or 
5% 0 2 in At). It is also possible to use a full or partial 
carbon dioxide atmosphere. Control samples are easily 
used to determine appropriate conditions for truncation 
of the nanotubes according to this embodiment. 
[0026] In another embodiment, nanotube truncation 
is performed by dissolving carbon from the nanotube 
ends into a molten metal (Fig. 3A) or solid metal (Fig. 
3B). Carbon's relatively high solubility in certain liquid or 
solid metals is well known. As illustrated in Fig. 3(a), the 
growth ends of the aligned nanotubes 30 are dipped 
into a molten, carbon-dissolving (i.e., carbon-soluble) 
metal 32 to the level of desired truncating height, and 
then removed from the melt and cooled. To avoid oxida- 
tion of the meft, the reaction is advantageously per- 
formed in an inert atmosphere such as Ar or in a 
reducing atmosphere such as H 2 . If desired, any rem- 
nant metal coating or debris near the truncated nano- 
tube ends are acid -dissolved to expose clean, truncated 
tips. In utilizing liquid solubility for nanotube truncating 
in the present invention, molten metals with both a rela- 
tively low melting point and a high solubility for carbon 
are advantageously used, although higher melting point 
metals such as iron are also possible. For example, rare 
earth metals such as Ce (melting point = 798°C; liquid 
solubility of carbon at ~900°C of -25 atomic % carbon), 
and La (melting point » 918°C) are useful. It is also pos- » 
sible to use even lower-melting point alloys of such 
materials, e.g., Ce with 28 atomic % Cu (melting point » 
424°C), or La with 30 atomic % Ni (melting point = 
532°C). Various other alloys are also useful, particularly 
alloys containing at least one rare earth metal and at 
least one non-rare earth metal, such as a transition 
metal. 

[0027] Fig. 3B illustrates use of a solid-state diffu- 
sional dissolution of carbon, as opposed to use of a mol- 
ten metal. Specif ically, a solid metal or alloy 40 with high 
solid-solubility of carbon, such as Ce, La, La-Ni, Fe, or 
Mn, is heated to a high temperature, e.g., 400-1 000°C 
in an inert or reducing atmosphere. The aligned nano- • 
tubes 42 are then gently rubbed against the hot solid 
metal 40. advantageously in a repeated sweep motion, 
until a desired length of the carbon nanotube 42 ends 
are dissolved by solid state diffusion. It is possible for 
the rubbing motion to be linear, rotational or a random 
motion. At least one spacer 44 is advantageously used 
between the nanotubes 42 and the hot, carbon-dissolv- 
ing metal 40 in order to control the truncating height In 
this solid state approach, the temperature of the carbon- 
dissolving solid metal or alloy is advantageously main- 
tained at least 20°C below its melting point. 
[0028] Another embodiment for truncating aligned 
carbon nanotubes is illustrated in Figs. 4A-4D. Accord- 
ing to this embodiment, the aligned carbon nanotubes 
50 are substantially encapsulated in a solid matrix 52, 
as reflected in Figs. 4A and 4B. The encapsulation is 
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performed using any suitable matrix materials, including 
metals, polymers (including epoxies). ceramics, or com- 
posite materials. For example, a molten metal or alloy of 
low meJtJng point solder is infiltrated into the nanotube 
array and then allowed to solidify. Advantageously such 
a metal or alloy contains a small admixture of a caibide- 
forrmng element for improved wetting of the nanotubes 
(e g.. Ti. V. Cr. Mn. Fe, Zr. Nb. Mo. Hf. Ta, W). Typically, 
the number of caroide-forming element atoms is nor 
more than 50% of the number of carbon atoms in the 
nanotubes. It is also possible to encapsulate the nano- 
tubes in a metal salt solution such as CuCfe. CuS0 4 or 
lnCI 3 dissolved in water or solvent, optionally containing 
a water- or solvent-soluble binder, by infiltrating the nan- 
otube array, drying the composite, and baking the com- 
posite to reduce the metal salt to a metallic matrix 
Polymer encapsulants (electrically conductive or non- 
conductive) are also useful. 

[0029] The composite structure 54, containing 
aligned nanotubes 50 embedded in a solid matrix 52 is 
then sectioned or polished parallel to the nanotube 
array substrate in order to provide truncated nanotubes 
56, as shown in Fig. 4C. The sectioned or polished sur- 
face of this structure is then lightly etched, e.g.. by acid 
or base in the case of metal matrix, or by water or sol- 
vent in the case of water-soluble or solvent-soluble 
matnx. This last processing step creates a desired 
structure 60 containing protruding nanotubes 58 with 
truncated ends and relatively uniform height 
[0030] The aligned and truncated nanotube array 
structure prepared according to the invention is useful 
for a variety of devices including microwave vacuum 
tube devices, flat panel field emission displays, and 
hydrogen storage devices, as described below 



Devices Incorporating Nanotube Emrttpr StoglurfiS 

[0031] The emitter structures formed as discussed 
above are useful for a variety of devices, including 
microwave vacuum tube devices and flat panel field 
emission devices. Because efficient electron emission 
at low applied voltages is typically achieved by the pres- 
ence of accelerating gate electrode in close proximity to 
the emitting source (typically about 1 -10 um distance) it 
is advantageous to have numerous gate apertures in an 
emitter structure to enhance the capability of the struc- 
ture. Specifically, a fine-scale, micron-sized gate struc- 
ture with numerous gate apertures is advantageous for 
attaining high emission efficiency. 
[0032] Accordingly, in the emission devices of the 
invention, a grid structure is advantageously formed in 
front of the nanotube emitter structure described herein 
The gnd is a conductive element placed between the 
electron emitting cathode and the anode. It is separated 
from the cathode but sufficiently close to the nanotube 
emitter to excite emissions (typically within 10 M m of the 
emitting nanotube tips). Yet, this close spacing is possi- 
ble only if the emitter tips have relatively uniform height 



As discussed previously, the fabrication process of the 
invention provides nanotube tips exhibiting such uni- 
formity. 

[0033] The grid is generally separated from the 
s cathode by an electrically insulating layer such as alumi- 
num oxide or silicon dioxide. Advantageously, the grid 
structure in the invention contains an electrically con- 
ducting layer, e.g., a thin film or thin foil, with a multitude 
of apertures. Within each aperture, a multiplicity of nan- 
° hjbes emit electrons when a field is applied between 
the cathode and the grid. 

[0034] The dimension of the grid apertures is typi- 
rally m the range of 0.05-100 um in average maximum 
dimension (e.g.. diameter), advantageously at least 0 1 
is um. and more advantageously at least 0.2 um to ease 
manufacturing. The average maximum dimension is 
advantageously no more than 20 um. more advanta- 
geously no more than 5 urn in order to increase the den- 
sity of grid apertures, and reduce the voltage necessary 
so to achieve electron emission. Circular apertures are 
advantageous in that they provide a desirable colli- 
mated electron beam with relatively low perpendicular 
momentum spread. The thickness of the grid conductor 
•s typically in the range of 0.05-100 um, advantageously 
25 0.05-10 um. The grid conductor material is typically 
chosen from metals such as Cu. Cr. Ni. Nb. Mo W or 
alloys thereof, but the use of conductive ceramic materi- 
als such as oxides, nitrides, and caibides is also possi- 
ble. The apertured (or perforated) grid structure is 
30 typically prepared by conventional thin film deposition 
and photolithographic etching. 
[0035] Advantageously the grid is a high density 
apertured gate structure such as described in U S Pat- 
wte Nob. 5.681,196 and 5.698.934, the disclosures of 
35 which are hereby incorporated by reference. The combi- 
nation of very fine and high-density nanotube emitters 
with a high-density gate aperture structure is particu- 
larly advantageous. Such a high density gate aperture 
structure is conveniently formed by utilizing micron or 
<o submicron sized particle masks. Specifically, after for- 
mation of the nanotube emitter structure, mask particles 
(metal, ceramic, or plastic particles typically having 
maximum dimensions less than 5 um and advanta- 
geously less than 1 ,im) are applied to the emitter sur- 
« face, e.g., by spraying or sprinkling. A dielectric film 
layer such as Si0 2 or glass is deposited over the mask 
particles as by evaporation or sputtering. A conductive 
layer such as Cu or Cr is deposited on the dielectric 
Because of the shadow effect, the emitter areas under- 
so neath each mask particle have no dielectric film The 
mask particles are then easily brushed or blown away, 
leaving a gate electrode having a high density of aper- 
tores. Fig. 5 illustrates such a particle mask technique 
The mask particles 70 are located above the protruding 
55 nanotube emitters 71. Upon deposition of the insulating 
layer 73 and the grid conductor layer 74 onto conductor 
75 on substrate 76, the mask particles 70 block portions 
of the nanotube emitters 71. When the mask particles 
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70 are removed, nanotubes 71 are exposed though the 
resultant apertures. The resultant structure is then 
capable of being incorporated into a device. 
[0036] Fig. 6 is a schematic cross section of a typi- 
cal microwave vacuum tube device - here a traveling 
wave tube (TWT). The tube device contains an evacu- 
ated tube 80, a source of electrons in the form of an 
electron gun 81, an input window 82 for introducing a 
microwave input signal, an interaction structure 83 
where the electrons interact with the input signal, and a 
microwave output window 84 where microwave power 
derived from the electrons is taken out of the tube. In the 
case of a TWT, other components include a focusing 
magnet (not shown) to focus the beam of electrons 
through the interaction structure 83, a collector 85 to 
collect the electron beam after the output microwave 
power has been generated and an internal attenuator 
(not shown) to absorb microwave power reflected back 
into the tube from mismatches in the output. For a TWT, 
the interaction region 83 is typically a conductive helix 
for broadband applications and a coupled-cavity region 
for high power applications. 

[0037] The electron gun 81 is an electron source 
that generates, accelerates and focuses an electron 
beam to follow a desired trajectory after it leaves the 
gun. Fig. 7 illustrates a conventional electron gun com- 
prising a thermionic cathode 90, one or more grids 91 
for inducing emission of electrons, focusing electrodes 
92 for focusing the electrons into a beam, and apertured 
anode 93 for further directing the beam 94 into interac- 
tion structure 83. For TWT applications, a long, thin 
electron beam at relatively low voltage and high current 
density is advantageous. Electron guns range in config- 
uration from a planar cathode faced by a planar anode 
to more elaborate designs such as Pierce guns, conical 
diode electrodes, concentric cylinders or spherical cap 
cathodes. (See, e.g., A.W. Scott, supra .) 
[0038] In operation of the device shown in Figs. 6 
and 7, an electron beam 94 is accelerated from the 
cathode 90 by high voltages applied to grids 91 and 
anode 93. The electron beam is then shot into the inter- 
action structure 83 where it interacts with the microwave 
input signal such that the beam 94 is amplified as the 
electrons and the signal travel together through the 
interaction structure 83. The electrons advantageously 
travel at the same velocity as the microwave signal on 
the interaction structure 83. The power of the input sig- 
nal modulates the electron beam 94, and the modulated 
electron beam 94 generates an amplified form of the 
input signal at the output 84. 

[0039] The cathode 90 and grid 91 are the source of 
electrons for the electron beam in the TWT of Rg. 6. 
The cathode advantageously has the following proper- 
ties and capabilities: (1) exhibit a surface able to emit 
electrons freely without the necessity of external excita- 
tion such as heating or bombardment, (2) supply a high 
current density, (3) long operating life with its electron 
emission continuing substantially unimpaired, (4) allow 



production of a narrow beam with a small spread in 
electron momentum, and (5) allow production of a mod- 
ulated electron beam at or near the cathode. In contrast 
to conventional thermionic cathodes, cold cathodes 

5 comprising aligned protruding nanotube emitters exhibit 
these properties. Specifically, nanotube-based cold 
cathodes are capable of fast, room-temperature emis- 
sion when an electric field is applied. They allow the 
production of a modulated electron beam over a dis- 

io tance of a few microns (as in the case of beam modula- 
tion performed directly by the grids), permitting the use 
of a shortened interaction region and resulting in a 
lighter, more compact device. 
[0040] When using nanotube-based cold cathodes 

is in microwave vacuum tube devices, it is desired to keep 
electron beam spread within a reasonable level. Elec- 
trons emerge from the cathode surface with a nonzero 
velocity and at various angles to the surface normal. 
The field-emitted electrons thus have a distribution of 

20 momentum values in the direction of electron beam tra- 
jectory. These effects - random emission of electrons, 
undesirable momentum perpendicular to the path from 
the cathode to the anode and the resulting crossing of 
electron trajectories on the microscopic scale - all 

25 reduce the performance of the microwave amplifier by 
giving rise to shot noise as well as affecting the mini- 
mum diameter that a convergent beam can attain. It is 
therefore desirable to inhibit electron beams from differ- 
ent apertures in the grid from merging unless the elec- 

30 tron beams are nearly parallel . Specifically, if the beams 
merge while individually diverging, the phase space 
density of the resultant beam will be lowered, because 
at any given point electrons are found with a variety of 
different momenta. 

35 [0041 ] It is possible to reduce the divergence angle 
of the electrons from each aperture by creating an elec- 
trostatic lens in the aperture. However, Liouville's Theo- 
rem constrains the extent to which a lens is able to 
reduce the perpendicular momentum spread. If the 

40 emitting area is equal to the lens aperture, then no sub- 
stantial improvement is obtained. If the emitting area is 
smaller than the lens aperture, it is possible to reduce 
-the perpendicular momentum distribution (with proper 
lens design) by the ratio of the radius of the emitting 

45 area to the radius of the lens. 

[0042] It is therefore desirable to allow emission 
only from small spots near the center of each aperture, 
i.e. at most 70% of the area and advantageously at 
most 50% of the area of the aperture. It is possible to 

so control the emission by patterning the substrate so that 
for a plurality of the emitting apertures, only a small area 
(smaller than the aperture area) is electrically conduc- 
tive. It is also possible by controlling nanotube incorpo- 
ration process so that only the central area within the 

55 emitting aperture is activated and emits electrons, e.g., 
by depositing a non-emissive overlayer on the nanotube 
emitters everywhere but at the center of the apertures. 
[0043] A multilayer, apertured grid is useful for 
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reducing the divergence angla In such a multilayer grid 
the first grid is operated at a negative potential. The first 
grd is typically 0.05 to 1 0 of its average maximum aper- 
ture dimension (e.g., diameter in the case of round 
apertures) above the cathode, advantageously 0 3 to 2 s 
Typically, the apertures are round and have a diameter 
of 0.05 to 100 um, advantageously at least 0 1 urn 
more advantageously at least 0.2 um. This first grid 
reduces the electric field at the cathode surface near 
the edge of the hole, and thereby suppresses emission w 
preferentially from the edge. Successive grids typically 
exhibit positive voltages relative to the cathode The 
multilayer grid structure has at least two layers and 
advantageously at least 4 layers of grid conductors as 
illustrated in Fig. 8. Grid conductors 100A, 100B 100C « 
100D are separated by insulators 101A, 101B.' 101C 
101 D, and define aligned apertures 102. Nanotube 
emitters 103 located within each aperture 102 are sup- 
ported by a cathode conductor 104, which is located on 
a substrate 105. The grid conductors 100A-100D allow 
the electron beams to be focused during traveling The 
first grid layer closest to the emitters (100 A) is generally 
biased negative to reduce the perpendicular momentum 
through suppression of field emission near the edge of 
the grid apertures 102. A negative bias on the first grid 25 
also focuses a diverging electron beam into one that 
has momenta more nearly parallel to the surface nor- 
mal. (A single grid provides similarly useful properties if 
the field applied by the anode is sufficiently large to 
force emission even in the presence of a negative 30 
charged grid. However, multiple grids are advantageous 
in reducing the required voltage on the anode, and in 
providing a better collimated electron beam.) 
[0044] The multilayered grid structure is prepared 
by conventional thin film deposition and photolitho- 35 
graphic techniques. It is also possible to prepare the 
grid structures of Fig. 8 by a particle mask technique as 
discussed previously, as illustrated in Figs. 9 and 10 
The thickness of the grid conductor layers 1 00A-1 00D is 
typically in the range of 0.05 to 100 um, advantageously 40 
0.1 to 10 um. The grid conductor layers are generally 
selected from a metal such as Cu, Cr, Ni. Nb Mo W or 
alloys thereof, but the use of conductive ceramics such 
as oxides, nitrides, and carbides is also possible The 
insulator layers 101A-101D are typically formed from 4s 
materials such as silica or glass. 
[0045] In Fig. 9, the mask particles 1 06 are typically 
ferromagnetic (e.g. Fe, Ni, Co, or their alloys). Desirable 
particle size is typically in the range of 0.1-20 um in 
average diameter. During the placement of the parti- so 
cles, e.g. by sprinkling onto the nanotube emitter struc- 
ture a vertical magnetic field is applied, which causes 
the ferromagnetic particles 106 to form a vertically elon- 
gated chain-of-spheres containing at least 2 particles 
Some chains-of-spheres may have more particles than ss 
others, but this does not matter for the purpose of 
depositing the multilayer grid structure. After alternating 
deposition of insulating spacer film (101A-101D) and 



the grid conductor film (100A-100D) into multilayer 
stacks, the ferromagnetic particles 106 are removed, 
e.g.. by magnetically pulling away using a permanent 
magnet, or by chemical etching. 
[0046] An alternative particle mask approach is 
schematically illustrated in Fig. 10. In this alternative 
approach, elongated or prolate ferromagnetic particles 
107 are sprinkled in the presence of vertical magnetic 
field so that they stand up vertically to serve as mask 
particles during the deposition of the multilayer grid 
structure (100A-100D and 101A-101D) on substrate 
105, conductor layer 104 and nanotube emitters 103 
The particle mask is then removed as discussed previ- 
ously. The elongated mask particles 107 typically have 
an average axial maximum dimension, e.g., diameter in 
the range of 0. 1 -20 um. It is possible to prepare the par- 
ticles 107. for example, by thin film deposition (eg by 
sputtering, evaporation, electroless plating) of the mask 
matenal through a perforated template (not shown) 
placed at a desired height above the nanotube emitters 
Suitable materials for the elongated mask particles 107 
include metals such as Cu, Al. Ni, easily water or sol- 
vent dissolvable polymers (e.g., polyvinyl acetate, poly- 
vinyl alcohol, polyacrylamide, acrylonitrile-butadiene- 
styrene or ABS) ( volatile polymers (e.g., PMMA) or 
easily dissolvable salts (e.g., NaCI). After deposition of 
the particles, the template is removed, and the multi- 
layer grid structure formed. 

[0047] The cathode and gate structure of Fig. 8, as 
used in a microwave amplifier, is not necessarily flat in 
surface geometry. It is possible to use a reshaped bulk 
nanotube composite emitter, or a curved substrate hav- 
ing thin film array emitters deposited thereon The 
curved substrate is prepared, for example, by etching or 
mechanical polishing (e.g., in the case of materials such 
as Si) or by plastic deformation (e.g., in the case of duc- 
tile metals such ad Cu, Mo, Nb, W, Fe, Ni or allovs 
thereof). ' 

[0048] Advantageously, the nanotube-containing 
cathode and multilayer grid structure of Fig. 8 is used in 
a TWT, instead of a thermionic emission cathode Also 
the cathode/grid structure of Fig. 8 is advantageously 
slightly concave for focusing the emitted electrons into a 
beam. 

[0049] The nanotube emitter structure of Fig. 8 
reduces the perpendicular momentum spread of elec- 
trons emitting from the cathode due to four features (1) 
Low voltage emission is desirable to have reduced 
beam spreading. If the emitter geometry is held con- 
stant, the perpendicular momentum spread scales as 
the square root of the emission voltage. The use of pro- 
truding nanotube emitters allows low voltage emission 
and hence reduced perpendicular momentum in micro- 
wave amplifier operation. (2) Electron emission is 
restricted to the central area portion, which is much 
smaller than the entire grid aperture area. (3) The elec- 
tron beam is focused by the stack of the multilayer grid 
structure. (4) A concave substrate further focuses the 
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electron beam. 

[0050] It is also possible to use the nanotube-based 
emitters of the invention to fabricate a flat panel, field 
emission display. Such a field emission display is con- 
structed, for example, with a diode design (i.e., cathode- 5 
anode configuration) or a triode design (i.e.. cathode- 
grid-anode configuration). Advantageously, a grid elec- 
trode is used, more advantageously a high density 
aperture gate structure placed in proximity to the nano- 
tube emitter cathode, as discussed previously. to 
[0051] For display applications, emitter material 
(the cold cathode) in each pixel of the display desirably 
consists of multiple emitters for the purpose, among 
others, of averaging out the emission characteristics 
and ensuring uniformity in display quality. Because of 15 
the nanoscopic nature of the carbon nanotubes, the 
emitter provides many emitting points, typically more 
than 10 4 emitting tips per pixel of 100x100 *im 2 , assum- 
ing 50% nanotube density with a tubule diameter of 10- 
100 nm. Advantageously, the emitter density in the 20 
invention is at least 1/^m 2 , more advantageously at 
least 10/jim 2 . Because efficient electron emission at low 
applied voltage is typically achieved by the presence of 
accelerating gate electrode in close proximity (typically 
about 1 micron distance), it is useful to have multiple 25 
gate apertures over a given emitter area to utilize the 
capability of multiple emitters. It is also desirable to have 
a fine-scale, micron-sized structure with as many gate 
apertures as possible for increased emission efficiency. 
[0052] Fig. 1 1 illustrates a fiat panel field emission 30 
display using a nanotube emitter structure of the inven- 
tion. The display contains a cathode 1 10 including a plu- 
rality of nanotube emitters 112 and an anode 114 
disposed in spaced relations from the emitters 112 
within a vacuum seal. The anode conductor 1 1 6 formed 35 
on a transparent insulating substrate 118 is provided 
with a phosphor layer 120 and mounted on support pil- 
lars (not shown). Between the cathode and the anode 
and closely spaced from the emitters is a perforated 
conductive gate layer 122. Conveniently, the gate 122 is 40 
spaced from the cathode 1 1 0 by an insulating layer 124. 
[0053] The space between the anode and the emit- 
ter is sealed and evacuated, and voltage is applied by 
power supply 126. The field-emitted electrons from the 
nanotube emitters 1 1 2 are accelerated by the gate elec- 45 
trode 122, and move toward the anode conductor layer 
116 (typically a transparent conductor such as indium- 
tin oxide). As the accelerated electrons hit the phosphor 
layer 120, a display image is generated. 
[0054] It is also possible to use the truncated nano- so 
tube structures of the invention for energy storage 
devices, such as lightweight, high-energy density bat- 
teries. It is known that nanopores of molecular dimen- 
sions are able to uptake, e.g., adsorb, large amount of 
gases. For example, open-ended carbon nanotubes 55 
uptake three times more hydrogen than virgin (as- 
grown) nanotubes having capped ends. See, e.g., A.C. 
Dillon et aL, "Storage of hydrogen in single-walled car- 



bon nanotubes," Nature. Vol. 386. 377 (1997). Improved 
hydrogen uptake is desired for energy storage applica- 
tions, such as efficient fuel-cells for electric vehicles. 
The truncated, high-density, uniform height nanotube 
structure of the invention provides a large concentration 
of open nanotubes ends that are simultaneously open 
to hydrogen adsorption, and thus offers useful proper- 
ties for hydrogen storage. 

[0055] Similarly, the truncated nanotube structure is 
amenable to relatively easy uptake of molten alkali met- 
als such as lithium, sodium, potassium, and cesium, 
which tend to form graphite intercalation compounds. 
The electrolytic storage of lithium ions in graphite-type 
materials is reversible, as is known for lithium-ion batter- 
ies. See, e.g., J.R. Dahn et aL, "Mechanisms for Lithium 
Insertion in Carbonaceous Materials," Science . Vol. 
270, 590 (1995). It is therefore possible to use the trun- 
cated nanotube structure of the invention as an efficient 
negative electrode in secondary (rechargeable) batter- 
ies such as lithium-ion batteries. In particular, the low 
density of carbon nanotubes would provide a high 
energy density per unit battery weight. 
[0056] Other embodiments of the invention will be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 

Claims 

1 . A process for fabricating an article, comprising the 
steps of: 

providing an array of aligned carbon nano- 
tubes; 

truncating at least a portion of the nanotubes, 
such that at least 10% of the truncated nano- 
tubes are free of end caps. 

2. A device comprising truncated carbon nanotubes, 
wherein the truncated nanotubes have a height 
within 30% of the average truncated nanotube 
height, and wherein at least 10% of the truncated 
nanotubes are free of end caps. 

3. A device comprising truncated carbon nanotubes, 
wherein the truncated nanotubes have a height 
within 30% of a reference distance, the reference 
distance being the smaller of the average height of 
the truncated nanotubes and the average distance 
between neighboring nanotubes, and wherein at 
least 10% of the truncated nanotubes are free of 
end caps. 

4. The process of claim 1 or the device of claim 2, or 3 
wherein at least 50% of the truncated nanotubes 
are free of end caps. 

5. The process of claim 1, or the device of claim 2 or 
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3, wherein the truncated nanotubes either have a 
height within 30% of a reference distance, the refer- 
ence distance being the smaller of the average 
height of the truncated nanotubes and the average 
distance between neighboring nanotubes. or have 5 
a height within 10% or within 30% of the average 
height of the truncated nanotubes. 

i. The process of claim 1 , wherein the truncating step 
comprises either directing a high energy beam at w 
the nanotubes; 



or applying a temperature gradient to the nano- 
tubes in an oxygen-containing atmosphere, 
such that a portion of the nanotubes burn 
away; or dissolving carbon from the nanotube 
ends by contact with a carbon-soluble material; 
or encapsulating the nanotubes in a solid 
matrix; 

exposing nanotubes by at least one process 
selected from sectioning the matrix and polish- 
ing the matrix; and 

etching the matrix material away from the 
exposed nanotubes to provide protruding nan- 
otubes. 

The process of claim 6, wherein the high energy 
beam is selected from a laser beam, an electron 
beam, and an ion beam; 

or the said temperature gradient is provided by 
contacting the nanotubes with a heated body; 
or the carbon-soluble material comprises a rare 
earth metal and a non-rare earth metal. 

The process of claim 6, wherein the heated body 
comprises a heated blade, for example when 
heated to at least 400°C; 

or the carbon-soluble material comprises at 
least one of Ce, La, Fe, and Mn. 

9. The process of claim 7, wherein the carbon-soluble 
material is molten and the nanotube ends are 
placed in the molten material; 

or the carbon-soluble material is solid, and the 
nanotube ends are rubbed against the solid 
material. 

10. The device of claim 2 or 3, wherein the truncated 
nanotubes have an average height of either 0 1 to 
100 urn, or 0.01 to 1000 urn from the surface of a 
supporting substrate. 
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1 1 . The device of claim 2 or 3, wherein the device is an 
energy storage device. 
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